We present optical nuclear spectra for nine 3CR radio sources obtained with the Telescopio Nazionale Galileo, that complete our spectroscopic observations of the sample up to redshifts < 0.3. We measure emission line luminosities and ratios, and derive a spectroscopic classification for these sources.
Introduction
The 3CR catalog of radio sources represents a particularly well suited sample for a study of the physics of radio-loud AGN. Its selection criteria are unbiased with respect to optical properties and orientation, and it spans a relatively wide range in redshift and radio power. A vast suite of observations is already available for this sample, from multiband HST imaging, to observations with Chandra, Spitzer and the VLA.
Quite surprisingly, however, the available optical spectroscopic data for the 3CR sample were sparse and incomplete. To fill this gap, we carried out a homogeneous and complete survey of optical spectroscopy, targeting the subsample of 113 3CR radio sources with z<0.3, for which we can obtain uniform uninterrupted coverage of the key spectroscopic optical diagnostics. The observed sources include a significant number of powerful classical FR II RG, as well as the more common (at low redshift) FR Is (Fanaroff & Riley 1974) , spanning four orders of magnitude in radio luminosity, thus providing a broad representation of the spectroscopic properties of radio-loud AGN. The data were presented in Buttiglione et al. (2009) (hereafter Paper I) and discussed in Buttiglione et al. (2010) (hereafter Paper II).
Send offprint requests to: S. Buttiglione ⋆ Based on observations made with the Italian Telescopio Nazionale Galileo operated on the island of La Palma by the Centro Galileo Galilei of INAF (Istituto Nazionale di Astrofisica) at the Spanish Observatorio del Roque del los Muchachos of the Instituto de Astrofsica de Canarias.
However, nine sources of our sample (namely 3C 020, 3C 063, 3C 132, 3C 288, 3C 346, 3C 349, 3C 403.1, 3C 410, 3C 458) could not be observed due to scheduling problems and time constraints. Furthermore, the SDSS spectrum of 3C 270 presented in Paper I could not be used for its spectroscopic characterization, since the fiber was not positioned on the galaxy's nucleus (Christian Leipski, private communication) . In order to reach completeness of the spectroscopic survey we present the results of new TNG observations of nine missing sources, while we complemented our data with those obtained for 3C 270 by Ho et al. (1997) .
The paper is organized as follows: in Sect. 2 we present the observational procedure and the data reduction, leading to the measurements of the emission line fluxes (Sect. 3). In Sect. 4 we derive a spectroscopic classification for these sources, updating the results derived in Paper II. A brief summary is given in Sect. 5. Throughout, we have used H o = 71 km s −1 Mpc −1 , Ω Λ = 0.73 and Ω m = 0.27.
Observations and data reduction
The optical spectra of the nine missing 3CR sources were taken with the Telescopio Nazionale Galileo (TNG), a 3.58 m telescope located on the Roque de los Muchachos in La Palma Canary Island (Spain). The observations were made with the DOLORES (Device Optimized for the LOw RESolution) spectrograph. The detector used is a 2100x2100 pixels back-illuminated E2V4240, with a pixel size of 0. long-slit width is 2 ′′ and it was aligned along the parallactic angle in order to minimize light losses due to atmospheric dispersion.
For each target we took one (or two) low resolution spectrum with the LR-B grism (∼3500-7700Å) with a resolution of ∼20Å and two high resolution spectra with the VHR-R (6100-7700Å) or VHR-I (7250-8800Å) grisms, depending on redshift, with a resolution of ∼5Å. The exposure times increase with redshift, in order to compensate for the galaxies' dimming. Exposures longer than 750 s were divided into two sub-exposures of 500 sec, obtained moving the target along the slit. The high resolution spectra have an exposure time twice the low resolution ones. The combination of the LR-B and VHR ranges of wavelengths enables us to cover the most prominent emission lines of the optical spectrum and in particular the key diagnostic lines Hβ, [ The data analysis was performed as describer in Paper I, which should be refer to for further details. Summarizing the spectra were bias subtracted and flat fielded. When the spectra were split into two sub-exposures, they were subtracted to remove the sky background. The residual background was subtracted measuring the average on each pixel along the dispersion direction in spatial regions immediately surrounding the source spectrum. The data were then wavelength calibrated and corrected for optical distortions. Finally the spectra were extracted and summed over a region of 2 ′′ along the spatial direction and flux calibrated using spectrophotometric standard stars, observed immediately after each target.
The telluric absorption bands were usually left uncorrected except in the few cases in which an emission line of interest fell into these bands. In these cases we corrected the atmospheric absorptions using the associated standard stars as templates. Fig. 1 shows, for all the observed targets, the low resolution spectrum (upper image) and the high resolution one (bottom image). The calibrated spectra are in units of 10 −18 erg cm −2 s −1Å−1 . The wavelengths (inÅ units) are in the observer frame in the axes below the images while they are in the source frame in the axes above them.
Data analysis
We corrected the spectra for reddening due to the Galaxy (Burstein & Heiles 1982 , 1984 using the extinction law of Cardelli et al. (1989) . The galactic extinction used for each object was taken from the NASA Extragalactic Database (NED) database and is listed in Table 2 . We also transform the spectra into rest frame wavelengths using the value of redshift from NED.
The contribution of stars to our spectra was subtracted using the best fit single stellar population (SSP) model taken from the Bruzual & Charlot (2003) library out of a grid of 33 single stellar population models, with a Salpeter Initial Mass Function, formed in an instantaneous burst. We excluded from the fit the spectral regions corresponding to emission lines, as well as other regions affected by telluric absorption, cosmic rays or other impurities. In 3C 410 the continuum is essentially featureless and it is likely to be dominated by non-stellar emission, a characteristic already seen in several 3CR objects. No starlight subtraction was performed for this object.
By Table 2 summarizes the intensities of the main emission lines (de-reddened for Galactic absorption) relative to the intensity of the narrow component of Hα, for which we give flux and luminosity. To each line we associated its relative error, as a percentage. We placed upper limits at a 3σ level to the undetected, but diagnostically important, emission lines by measuring the noise level in the regions surrounding the expected positions of the lines, and adopting as line width the instrumental resolution. In the case of 3C 346 the telluric correction is not sufficiently accurate to recover the flux of its Hα line, that falls in a deep transmission through of a telluric band. For 3C 410 we also give the flux of its broad Hα line.
Results
The data quality of the nine spectra considered here is such that we could measure all diagnostic lines with only three exceptions: [O I] in 3C 132, Hα in 3C 346 due to a telluric band, and Hβ in 3C 458. We complemented our observations with the data for 3C 270 from Ho et al. (1997) Table 3 ). For 3C 132 we lack the measurement of its [O I] line; however, this source is located well within the region of LEG in the diagnostic diagrams, see Fig. 2 , where it is represented by the filled triangle. Conversely, 3C 346, without a Hα flux estimate, could not be classified based on the emission line ratios; similarly we cannot derive a classification from the diagrams comparing lines and radio luminosity since its location in Fig. 3 (the filled triangle in the left panel) is between the relations defined by LEG and HEG. Instead 3C 458 can be defined as HEG, although the Hβ line cannot be measured, from the lower limit (E.I. > 1.03) derived for this source.
Including 3C 410 there are now 19 3CR radio-galaxies with broad lines. In agreement with our previous findings, also 3C 410 is a HEG from the point of view of its narrow line ratios. The four newly discovered HEG are of high total Fig. 2 . Diagnostic diagrams for 3CR sources after the classification into HEG (blue circles) and LEG (red squares) made using the Excitation Index. Crossed circles are broad line galaxies, green crosses are extremely low [O III]/Hβ sources. Black triangles are sources for which the E.I. cannot be estimated, as they lack the measurement of one or two diagnostic lines. The filled symbols are derived from the new data presented in this paper. Column description: (1) 3C name of the source; (2) and (3) J2000 coordinates (right ascension and declination); (4) redshift; (5) UT night of observation; (6) number of low resolution spectra; (7) exposure time for each low resolution spectrum; (8) high resolution grism used; (9) number of high resolution spectra; (10) exposure time for each high resolution spectrum. (11): (f) broad components; (g) no starlight subtraction; (i) telluric correction. Column description: (1) source name; (2) 
Summary
We presented optical spectroscopic data of nine 3CR radio sources, needed to complete our survey of this catalogue with redshift < 0.3, and measured emission lines luminosities and ratios. These data enabled us to derive an optical spectroscopic classification for all but one galaxy. The relationships between spectroscopic and radio properties found from our previous works, are confirmed by the analysis of the now complete sample. Column description: (1) 3CR name; (2) redshift from Spinrad et al. (1985) ; (3) and (4) Spinrad et al. (1985) ; (6) 
Appendix A: Additional material
In the following two tables we provide the data for the whole 3CR sub-sample of radio galaxies with z < 0.3 combining the results presented here with those of Paper I and Paper II. This is additional material with respect to the article published in Astronomy & Astrophysics. Column description: (1) source name; (2) Column description: (1) 3CR name; (2) redshift from Spinrad et al. (1985) ; (3) and (4) (Donzelli et al. 2007 ) for the objects marked with a * ); (8): morphological FR type; (9) spectroscopic classification into High Excitation Galaxy (HEG); Low Excitation Galaxy (LEG); Broad Line Object (BLO); Extremely Low Excitation Galaxy (ELEG); (SF) starforming galaxy; (-) unclassified. Column (10) classification method: E.I. -excitation index; D.D. -diagnostic diagrams; O.R. -emission line radio correlation.
